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INTRODUCTION
As the amount of vessels capable of navigation in icecovered waters increases, further understanding of icerelated loads acting on the propeller become important for safe and efficient design and operations of the ice going vessels. Therefore, a simple model of the propulsion machinery is developed to investigate the influence of ice loads on propulsion machinery response. Therefore, DNV and IACS rules for ice strengthened vessels are adopted here to identify the ice loads acting on the propeller. Furthermore, the simulations to be carried out in this paper will focus on merchant vessels with ice class 1A, because this ice class is typically found to be most economic for arctic operations, see Erikstad and Ehlers (2012) . Hence, in order to compare IACS and DNV the class notation PC-7 and DNV ICE-1A is utilized, respectively. Further the ice influence described by DNV and IACS rules is extended by relating the ice related loads as a function of angular velocity of the propulsion machinery, i.e. a coupled treatment of the ice loads and system response will be presented.
Propulsion machinery in ice
The propulsion machinery is a coupled system connecting the main engine through a shaft with the propeller to create a directional thrust, see Figure 1 . This directional thrust allows the vessel to maneuver and sail in open and ice-covered waters. The latter typically involves the breaking of ice pieces and their submergence in the direction of the water flow around the hull. Consequently, this influences on the hydrodynamic performance of the propeller, because the water inflow to the propeller, i.e. wake field, is disturbed. Furthermore, if a submerged ice piece proceeds further towards the advancing propeller, contact between the ice pieces and the propeller will occur, resulting in an ice-induced contact load. This process is called ice-propeller interaction. The propeller, being one element of the propulsion machinery, transmits this ice-related contact load together with the hydrodynamic load, being a result of the surrounding water, to the other elements of the propulsion machinery, such as the shaft, flexible and shaft couplings, clutches and gears. In turn, the main engine transmits the machinery power to the propeller, which clearly represents a coupled relationship. Veitch (1995) describes the ice-propeller interaction process qualitatively in terms of three stages: approach, blockage and contact. During the approach and blockage stage at least one ice piece is in the path of the advancing propeller. In those conditions, the relative motions between the water and the ice piece as well as the disturbance around the ice piece will increase. This influence is called ice piece wake and it affects only the hydrodynamic performance of the propeller. As the ice moves closer to the propeller the ice piece wake will grow. This growth reaches its maximum just before the ice piece impacts the propeller on the upstream side. Consequently, in the next instance physical contact between the propeller and the ice piece occurs. This contact stage currently defines the strength requirements of the propeller blades and the design load of the propulsion machinery.
Ice-propeller interaction
The Classification Societies DNV (2012) and IACS (2011) are describing the design load, as a sum of the ice-related contact and hydrodynamic load. The hydrodynamic load is based on open water design parameters. In rules, the torque component of icerelated contact load is defined based on propeller geometrical parameters, angular velocity (rps), and ice thickness and strength. For higher ice class of vessel the ice thickness and strength will grow in the way that thicker ice will have higher strength. The DNV calculation is neglecting the increase in strength by assuming constant strength index of unit value. Except for this the propeller blade thickness is neglected in the ice torque load calculation of the DNV rules. These differences in calculations are presented in equations (1, 2, 3 and 4) in Appendix A. The maximal value of torque is obtained at the maximal allowable rps in ice-covered waters.
The excitation of the torque due to ice-propeller interaction is described with different excitation conditions presented in Table 1 . Using the C q and α i parameters with maximum torque, equation (1), a single blade impact is described as a half sine shape with function of the propeller rotational advancement:
where:
Further, number of ice impact is defined as:
where: Z -number of propeller blades H ice -design thickness of ice [m] Two ice blocks 0.5 45°
In Figure 2 the summarized torque component of iceinduced contact load from all blades and with Nnumbers of ice impact is presented for case 1, 2 and 3. Furthermore, in this paper only case 2 and 3 are analysed, because the influence of the ice related load is most dominant here. Additionally, case 4 for is essentially equal to case 1, however, having twice the amount of ice block impacts following two ice blocks impacting the propeller. Further, DNV neglects case 1 entirely due to its low significance and generally utilizes a linear ramp function for 270° of propeller advancement at beginning and at the end of the icepropeller interaction (see also Figure 7 and 8 for comparison of DNV and IACS). This makes the first two impacts of ice, in the case of propeller with four blades, less impulsive than for the IACS rules, which increase the load with the first impact to the full load level. Common for both rules, is that the torque excitation is given as a function of maximum allowable propeller angular velocity. This assumes a constant propeller angular velocity and thus the coupled relationship between the propeller and the engine is neglected. On the top of this the hydrodynamic torque needs to be added as well as the dynamic response of the propulsion machinery.
Therefore, a dynamic simulation model is developed using the same parameters and equations as described by the rules above, but with a propeller torque as function of the propulsion machinery response. Using this approach the angular velocity and angular position of the propeller are considered in calculation of the torque excitation. The influence of the torque excitation in the coupled simulation due the propeller angular velocity drop from ω 1 to ω 3 during a single ice impact is illustrated in Figure 3 . Further, the growth at the end of a single ice impact will depend on the dynamics of the main engine. To protect critical components from the dynamic stress and fatigue, the overall system must be analysed and designed in a holistic fashion. Dynamic overload can be avoided through shock absorbing elements such as flexible coupling, or even by introducing a weak link which is easy to repair in case of overload.
Main engine
The engine layout analysed in this paper is the most common solution for merchant ships. Typical constraints to the diesel engine are: 1) only one source of propulsion power; 2) engine designed for open water steady state operations; 3) engine dynamic is dependent on the ice-propeller interaction; 4) engine is directly exposed to the dynamical loads from ice-propeller interaction, causing irregularities in working operation and possible torsion vibrations which can damage the mechanical parts and cause thermal stress and fatigue; 5) rapid load variations also cause combustion problems resulting in thermal stress, soot formation, and unwanted exhaust gas emissions; 6) engine torque and speed limitations may cause stop and start problems caused by blocking ice.
MODELING
The developed mathematical model, which will be used for the simulation of the dynamic response of the propulsion machinery, consists of the following: a fixed pitch propeller (FPP) in direct connection to a lowspeed engine through a shaft and a flexible coupling, see Figure 4 . This arrangement is energy efficient, robust and hence the most common solution for merchant vessels. All elements of the propulsion machinery are modelled in the 20-sim-software Version 4.3 and presented as sub-models in Figure 4 . The bond graph method is used to describe the power transfer and energy flow between the corresponding sub-elements and within the components of the sub elements as the product of effort (e) and flow (f). In bond graph terminology these two variables are called power variables. Additionally, the generalised momentum (p) and displacement (q) are called energy variables. Consequently, the energy supply is presented as effort (S e ) or flow (S f ), while the energy storage as momentum (I) and displacement (C), see Figure 5 . The energy dissipation is presented as a resistor (R). Furthermore, to enable interaction between these system components we need to introduce power element TF and junction elements 1 and 0. A transformer is an element which transforms an effort on one port into an effort on the other port with some magnitude m, while a junction element is an ideal power transmitter, which transmits power instantly between ports without storing or dissipating energy. Further, the 0-junction represents geometric compatibility, while the 1-junction represents a dynamic force balance. For further details please see, for example, Karnopp et al. (2005) and Pedersen and Engja (2010) . In the present model effort, flow, momentum and displacement are representing torque, angular velocity, angular momentum and angular displacement (angle), respectively. Further, the S e -, I-, C-and R-elements present respectively the main engine as a source of torque, the moment of inertia, a torsional stiffness and the propeller as energy consumers. Additionally, the connections between these elements are represented with a 1-junction if the velocity is equal otherwise with a 0-junction. Additionally, the relationship for the energy transfer between and within these system elements of the bond graph representation needs to be derived. The latter is presented in the following subchapters.
Propeller
The propeller is described through its moment of inertia and its resistance. In bond graph terminology, this relates to the I-and R-element, respectively. The constant propeller moment of inertia is calculated based on its geometrical parameters, while the propeller
resistance is obtained based on the angular velocity. The latter is equal for both elements and thus allows their connection with a 1-junction. Together, these three elements are used to describe the propeller torque in ice as follows: 1) the 1-junction element transmits the effort (e), i.e. torque, from the propulsion machinery to the propeller; 2) under the assumption of linear dependency, between the propeller and the remainder of the propulsion machinery, this effort is distributed between the I-and R-elements; and 3) a flow response is derived as a function of effort and the propeller inertia.
Transmission system model
Power transmission between the FPP and the low-speed engine is realized with a so-called directly coupled system using a shaft and a flexible coupling. Therein, the shaft is modelled as a system of finite lumps or modes deduced from a modal decomposition of the continuous representation of the shaft. Following the bond graph concept a combination of the latter is possible (see Margoli et al. 1977 , Karnopp et al. 2000 which also allows a reduction of the model extent without simulation accuracy loss. In order to do so, the natural frequencies and modes of the system must be maintained (see Margoli et al. 1977 , Karnopp et al. 2000 , Valland 1999 . Considering the latter the mode shapes of the shaft were evaluated at the location of the torque and added inside TF element as a magnitude m = 1. The only exception is a TF6 element, where m = -1 due to shape of the mode 2 and torque location x = L. Further, for each mode the modal shaft stiffness (C), mass (I) and damping (R) is calculated using the initial propeller position as a shaft origin.
Since the present flexible coupling is a short element, only few modes and natural frequencies exist. However, its dynamic properties must be approximated with sufficient accuracy, i.e. the stiffness of the rubber material or the hydrodynamic damping arising from the oil inside the flexible coupling. Using C-and Relements those dynamic properties are included and connected to a 0-junction. The reason for the latter arises from the change in flow and angular velocity over the shaft length, while the amount of effort, i.e. torque, is constant over the entire cross-section.
Engine model
A simplified model of the diesel engine is applied in this study Figure 5 . The combustion process is modelled as a torque source (MTF) supplying power from the engine speed controller signal to the crank shaft, represented by a single inertia element (I). Mechanical friction is modelled as a resistor (R). The PID angular velocity governor, proportional-integral-derivative controller, is controlling the fuel injection limited by the engine operational constraints. As a result, the response angular velocity output from this simplified engine system is derived and compared with the angular velocity reference input. The torque input are controlled within a range of 10% to 110% of its maximum value, which is given as a function of angular velocity.
Propulsion machinery model
In Figure 3 the combined bond graph of each sub system is shown representing the entire propulsion machinery model. 
RESULTS
Using the propulsion machinery model described in the previous chapter uncoupled and coupled response simulations for ice-propeller interaction are carried out. Coupled simulations includes the dynamic response of the entire machinery, while uncoupled is the load when propeller is assumed to run at constant speed without dynamic response. In order to do so, the required propeller geometry and efficiency diagram as well as the resistance in ice is selected from Lee (2008) for the case study vessel. Therefrom, the four-bladed propeller rpm are obtained for a selected sailing speed of 5 knots in 1.5m thick ice as well as the related hydrodynamic load acting on the propeller in open water at this rpm rating. Furthermore, based on the required rpm for maximum open water speed we selected an appropriate engine that delivers the required power for navigation in ice. Additionally, the damping and stiffness of the flexible coupling, see Figure 5 , as well as the shaft diameter is defined based on the design load defined in the ice-propeller interaction chapter. The details are given in appendix A/B. Therein also the engine controller parameters, used in this study, are presented.
The results of the simulation are presented in Figure 6 , 7 and 8, and they describe the distribution of the torque load for case 2 and 3 of the ice-propeller interaction simulations. In Figure 2 a coupled simulation of the propulsion machinery is presented for case 2 and 3 with normalized values of torque load and the propeller angular velocity, presented as revolutions per minute (rpm). Therein, it can be seen that both cases show comparatively small differences, even though 75% of the maximum ice related load is applied in case 2; see parameter Cq in Table 1 ; while 100% of the maximum ice-related contact load are applied in case 3. The reason for this similarity in torque in spite of the ice related load difference arises from the increase of the hydrodynamic load in case 2. Therein, the hydrodynamic load is a function of the propeller rpm's being a function of the system response in turn. The relationship between this hydrodynamic load and the propeller rpm's is given in appendix A/B of this paper. The largest influence of the ice on the propeller load is found in case 3, which is therefore presented in Figure 7 and 8 for DNV and IACS, respectively. These figures include, besides the load for the coupled and uncoupled simulation, the hydrodynamic and ice-related contact load for comparison. Thereby it can be seen that the icerelated contact load is nearly constant during the icepropeller interaction while the deviation of the coupled load is caused by the change in hydrodynamic load. Furthermore, a difference between the ice-related coupled and uncoupled contact load can be identified. Most importantly however, it can be seen in Figure 7 and 8 that the load in a coupled simulation is lower, except last two ice impacts with the linear ramp function described by DNV, than the load in an uncoupled simulation. The reason for this is the dependency of the coupled load, consisting of the hydrodynamic and ice-related contact load, on the propeller rotational speed. The latter decreases once ice impacts the propeller, which consequently causes a reduction in coupled load. However, after this initial impact and speed reduction the machinery system accelerates and thus increases the coupled torque, in the current example above the initial ice-impact load level. The latter however depends on the engine capabilities, since only an engine with additional power reserve is capable to compensate and accelerate further, in case this reserve is not available, the propeller will be blocked by the ice and the rps's drop to zero.
To present the influence of the coupled or uncoupled simulation further, Table 2 compares case 2, triangular shaped ice-related contact load, with case 3, which has a cumulatively increasing ice-related load as shown in Figure 2 . The resulting difference between these cases is shown by means of maximum torque value for the uncoupled and coupled simulations, respectively. The uncoupled simulation results in higher torque values since the load is independent from propeller angular velocity. In addition to the presented differences for the coupled and uncoupled simulations, the presented model can be used to analyse the load acting on different components of the machinery system. Hence, we can identify the deformation of shaft and a flexible coupling element caused by the excitations of the design load. Therein, the deformation magnitude is defined by the amplitude and shape of the loading, which was found to be higher for case 3, see Figure 9 . In case 2, where the steep initial slope of the design load applied causes the deformations grow rapidly. This growth of deformation θ ∆  per single ice block impact is presented in Table 3 and 4 for an interval of 0.1s. Therein, the results are given relative to the base case set by the DNV loading and a simple multiplication of the deformation growth with the duration Δt will result in the maximum deformation per ice impact. Furthermore, it can be stated that the steep initial slope at the beginning and at the end of the milling sequence, described by IACS, causes a higher deformation growth. In all cases, the deformation and deformation growth are 10 to 20% lower in the coupled simulation compared to the uncoupled simulation. Further, the torque in the shaft and flexible coupling element is analysed and compared with propeller load. The largest influence is found in uncoupled simulation of DNV case 2 and case 3, which is therefore presented in Figure 10 . Thereby it can be seen that the torque difference in shaft and flexible coupling is insignificant and the reason is in the small angular velocity of propulsion machinery and shaft inertia. However the most important is to see a delay in the torque between the propeller and power transmission elements caused by propeller inertia. Particularly in this case, propeller has ten times higher moment of inertia than the power transmission elements. Furthermore, in all cases the torque maximum value is higher inside power transmission elements than the torque experienced by the propeller. 
SUMMARY AND DISCUSSION
This paper presents dynamic response of the propulsion machinery in ice. A simple model was developed to identify the influence of ice-propeller interaction also introducing an uncoupled and coupled simulation. DNV and IACS rules where used to calculate the propeller torque load, and angular velocity. As a result, maximum values of torque and angular deformation indicate that the uncoupled simulation is more conservative and thus may lead to over dimensioning of the machinery system. Furthermore, the coupled simulation highlights the necessity to consider the dependency between the propeller design load and angular velocity of propulsion machinery. However, this coupled simulation needs to be extended further to identify the validity of the rulebased ice-related loads and the accuracy of the engine response. In other words, the dependency of the propulsion machinery, especially power transmission system, on the hydrodynamic and ice-related contact load must be investigated further. Furthermore, the icepropeller loads need to be related to actual ice properties, while the main engine acceleration and power with the actual combustion process. Additionally, the simulation approach shall be extended to include medium-speed engines coupled to the propeller shaft by a reduction gear, or electric motor(s) driving the propeller using power from the diesel generators. In conclusion, the present study forms a basis for the evaluation of the current design load and propulsion machinery scantling determination for ice going vessels.
APPENDIX A
DNV and IACS equations for propeller torque calculation. Maximal torque on a propeller due to ice influence is equal to: Qmax is the maximum ice-related torque on a propeller. For 
with:
Sqice -ice strength index for blade ice torque P0.7 -propeller pitch at 0.7 radius at MCR in free running conditions 
